The clinical assessment of scoliosis is based on the recognition of asymmetry. It is not clear what the degree of asymmetry is in a population without scoliosis, which could make the differentiation between abnormal and normal uncertain. This study defines the range of normality in certain parameters of torso shape that are also associated with the clinical assessment of scoliosis. This was done by analysing the surface topography of a group of 195 children serially measured over a 5-year period. The analysis considered both the spinal curvature and the relative position of shoulders, axillae and waist on each side. The bivariate relationships were examined using 95% confidence interval data ellipses. Our results showed that a degree of spinal curvature was seen, either as a main thoracic or main thoracolumbar curve. The distribution of the data about a mean point is illustrated by 95% confidence interval (CI) data ellipses with shoulder, axilla and waist data plotted against spinal curvature. The mean values were close to zero (exact symmetry) for all of the measured parameters, with the ellipses showing little differences in the distributions. We conclude that mild asymmetry of the measured torso parameters is normal. These results define what is normal and beyond what point asymmetry becomes abnormal. This information is of use for those managing and counselling patients with scoliosis both before and after surgery.
Introduction
The assessment of asymmetry between the right and left sides of the torso is part of the clinical management of adolescent idiopathic scoliosis (AIS) (Misterska et al. 2011) . Although the diagnosis of AIS is confirmed by looking at spinal shape in the coronal plane using a radiograph, it is the impression of the patient or their family and friends of 'something being not quite right with the shape of the back' that leads them to seek medical attention. One of the goals of scoliosis surgery is to minimise torso asymmetry and this is a criterion by which the patient will judge the success of their surgery (Zhang et al. 2011) . Features that have been judged in the past as being of most concern to patients and families with AIS include shoulder height difference, scapular prominence and a difference in waist contour (Donaldson et al. 2007; Zaina et al. 2009; Misterska et al. 2011) between the right and left sides.
The external appearance of the ideal human form is bilaterally symmetrical when viewed in the coronal plane. However, a degree of asymmetry is seen in non-scoliotic children and adolescents. Previous literature has extensively examined the development of differences in the relative prominence of the right and left sides of the back in a growing population (Willner, 1984; Nissinen et al. 1989 Nissinen et al. , 1993 Nissinen et al. , 2000 Grivas et al. 2006 ) and the height of the shoulders has been examined by Akel et al. (2008) . Other features of interest, such as the axillae and waist, have been less well documented (Vercauteren et al. 1982) .
In any measured biological parameter, it is of prime importance that the variability of what is classed as 'normal' is known, especially if surgery is planned to correct that parameter from what is judged as 'abnormal' back to being 'normal'. This paper documents the variability of both spinal and torso shape in a non-scoliotic group of children. This allows the development of standards for normality which may be used in the assessment and management of AIS.
Methods
Serial images using the Integrated Shape Imaging System 2 (ISIS2) were taken on a yearly basis in a group of school children without visible spinal deformity to clinical examination over a 5 year period. ISIS2 uses a Fourier transform profilometry method to analyse a digital photograph of the child's back on to which horizontal lines have been projected from above at a slight downward angle. This allows the capture of graphical and quantitative data about the three-dimensional shape of the back. The accuracy and utility of ISIS2 has been reported on in the past (Berryman et al. 2008a,b,c; Brewer et al. 2013 ).
The stored images were then reanalysed by the first author to identify the two-dimensional torso points marking the shoulders, axillae and waist in the coronal plane (Fig. 1, Table 1 ). This was done using a custom-designed interface that allows the anatomical point to be manually located. These points are then referenced back to the original ISIS2 image that is calibrated for measurements of distance. The torso parameters stored are described in detail in the next paragraph.
For this study the definition of the axilla point was the most superior point of the posterior axillary skinfold (Akel et al. 2008) . The definition of the waist point was the 'minimal waist' (Mason & Katzmarzyk, 2016) , the narrowest waist between the thoracic cage and iliac crests. Both the horizontal and vertical measurements of the difference between the right and left sides were then calculated. Two horizontal measures were made, AxDiffOff and WaistDiffOff (Fig. 1) . AxDiffOff was defined as the difference in horizontal distance between a vertical line from the vertebra prominens and the axilla points on either side of the torso. WaistDiffOff was defined as the difference in horizontal distance between a vertical line from the sacrum and the waist points on either side of the torso. The vertical measurements were ShDiffHt, AxDiffHt and WaistDiffHt, the difference in vertical height of the right and left points. ShDiffHt was identified using the technique of Akel et al. (2008) . In both horizontal and vertical measures a positive number indicates the right was higher or further from the midline than the left. The size of any spinal curve was measured using 'lateral asymmetry', which is the ISIS2 equivalent of the radiographic Cobb angle (Cobb, 1948) and is measured in degrees (Berryman et al. 2008b,c) .
The data points were analysed as separate, unrelated points rather than points linked by participants over time. This was felt to be the appropriate way of analysing the data based on both the literature and the data. The literature demonstrates that the shape of the torso changes with age and that longitudinal analysis adds little to the understanding or the ability to predict the shape of the torso in a non-scoliotic population (Nissinen et al. 1989 (Nissinen et al. , 1993 (Nissinen et al. , 2000 . Analysis of our data in a longitudinal fashion demonstrated that the variability of the data over time was such that this form of analysis did not add to the conclusions drawn.
The measured torso parameters are plotted against the spinal curve to demonstrate the data spread around the point of perfect symmetry (the point of no spinal curve and no difference between the right and left sides of the torso). For each pair of variables, the mean point of the data was calculated and the spread of the data were plotted as a data ellipse (Fox & Weisberg, 2011) which represents the 95% confidence interval of the mean. Data ellipses were used to represent the bivariate distributions of the data (Friendly et al. 2013 ).
Ethical and research governance approvals had been obtained for this study (11/H1207/10). Statistical and graphical analysis was performed using R (R Core Team, 2016).
Results
There were 195 participants in the study group (116 males and 79 females). The mean age of the whole group was 12.5 years (SD 1.8 years, range 9.2-18 years) with the age Table 1 . The difference in vertical height between the waist points Horizontal measurements
AxROff
The horizontal distance from the midline to the right axillary point AxLOff
The horizontal distance from the midline to the left axillary point WaistROff
The horizontal distance from the midline to the right waist point WaistLOff
The horizontal distance from the midline to the left waist point AxDiffOff
The difference between AxROff and AxLOff WaistDiffOff The difference between WaistROff and WaistLOff demographics by sex shown in Table 2 . The total number of images available for analysis was 642. The participants had all been in the study for a variable length of time and so may have been imaged between one and five times (Table 3 ). The ethnic origins of the study group were predominantly Caucasian with 3% of the total not Caucasian. Even though the presence of spinal deformity was an exclusion criterion to the study, there was a degree of spinal curve seen in the majority of the group as measured using the lateral asymmetry parameter of ISIS2. There were two patterns of spinal curve observed which corresponded to patterns of curve observed in scoliosis (Lenke et al. 2001 ; main thoracic curve with compensatory thoracolumbar curve and main thoracolumbar curve with compensatory thoracic curve). Consequently the analysis of the torso points was performed after subdividing the data in to these groups. There were 387 images in the main thoracic curve group and 227 images in the main thoracolumbar curve group (Table 4) . Of the 642 images, 28 were excluded as there was either no spinal curve or a curve pattern that was not classifiable (e.g. a small proximal thoracic curve and thoracolumbar curve but no thoracic curve).
Figures 2 and 3 show the measured torso parameters plotted against the underlying spinal curve pattern. Due to anatomical proximity, ShDiffHt, AxDiffHt and AxDiffOff are plotted against the thoracic curve and WaistDiffHt and WaistDiffOff against the thoracolumbar curve. The mean value and surrounding data ellipse which represents the 95% confidence interval of the mean are plotted for each of the parameters. Positive values in the spinal curve indicate a convexity of the spine to the right and negative values to the left. For the torso parameters, a positive value indicates either the right further from the midline than the left (AxDiffOff and WaistDiffOff) or the right higher than the left (ShDiffHt, AxDiffHt and WaistDiffHt).
When the data were analysed for torso parameter by the anatomically distant curve, no relationship could be found between the size and direction of the curve and the effect on the torso parameter.
The data were analysed longitudinally by age (a representative plot of one of the parameters is shown in Fig. 4 ). Although increasing age was associated with a greater width of the torso at both the level of the axillae and waist, this was symmetrical between the right and left sides of the torso and so AxDiffOff and WaistDiffOff did not change. There was no change in ShDiffHt, AxDiffHt or WaistDiffHt with increasing age. There was also no change in curve size with increasing age.
Discussion
This work demonstrates the degree of asymmetry in both the spine and torso seen in a group of children and adolescents who do not have scoliosis. The features that cause the greatest clinical concern in patients with AIS were identified (Donaldson et al. 2007; Zaina et al. 2009; Misterska et al. 2011) . From this literature, identifiable and reproducible points around the torso in two dimensions were defined. From these points it has been shown that there is asymmetry between the right and left sides of the body in both the vertical and the horizontal planes. The data also demonstrate that there is a degree of spinal curvature that subdivides into similar patterns to those seen in scoliosis (Lenke et al. 2001) , namely a main thoracic curve with a compensatory thoracolumbar curve and a main thoracolumbar curve with a compensatory thoracic curve, although all curves were small.
The main thoracic curve caused the major effect on the height and distance from the midline of the shoulders and axillae, as would be expected due to the anatomical proximity of these structures. Likewise for the main thoracolumbar curve the effect of the curve was seen more clearly in the waist. The compensatory curves showed little effect on the torso points anatomically remote to the curve.
For both the thoracic and thoracolumbar curve patterns, the means of all of the torso parameters and the spinal curves approach zero. The mean of the parameter WaistDiffOff is furthest from zero with WaistDiffOff and WaistDiffHt showing the greatest spread in the distribution of the data. The spread of the data for both the curve and the torso asymmetry around these means show that nonscoliotic children are not symmetrical. This defines a normative dataset for future studies in this area. Previous work already exists that is similar to that presented here. Akel et al. (2008) took digital photographs of the back for non-scoliotic children at the same time as exposing a radiograph of the chest. The children all believed that their shoulders were level. However, analysis of these photographs demonstrated there was a difference in shoulder height of 7.5 AE 5.8 mm (mean and standard deviation), with only 18.7% having level shoulders. The methodology used in the Akel et al. (2008) paper to evaluate shoulder height has been reproduced here and therefore their results are directly comparable with ours, which had a mean difference of 4.3 AE 8.7 mm between the sides. Although differing slightly in methodology to that used by Vercauteren et al. (1982) , both our data and that of Akel et al. (2008) are within the differences described as 'physiologic asymmetry' by Vercauteren et al. (1982) .
By extending this methodology, the relative height and distance from the midline has also been calculated for the axillae. Again, the mean difference between the right and left sides is small. The data spread around this mean is skewed towards the right being higher than the left with an increasing curve size convex to the right, and this is not seen in the shoulders with the same degree of curve. The difference in distance of the axillae from the midline is very similar to that of the difference in axilla height in terms of the mean, data spread and skew. Overall, this allows the observation that the spinal curve affects the position of the axillae to a greater extent than that of the shoulders, and any difference in height in the axillae due to an underlying spinal curve is countered through the shoulder girdle, thought to be a way to keep the hands at an equal distance from the floor.
The waist point data presented show that there is a greater asymmetry in the heights of the waist between the right and left sides, and in the distance from the midline, compared with the equivalent axillae point data. There are many definitions of what constitutes the waist in the literature depending on the context in which the waist is being identified (Qiu et al. 2010; Guerra et al. 2012; Veitch, 2012; Matamalas et al. 2016) . The definition of the waist used here is the 'minimal waist' (Mason & Katzmarzyk, 2016) , which is very similar to that of Qiu et al. (2010) and is the definition most suited to a scoliotic population. Of note, the anatomical position of the waist can be less easily identified than that of the axillae and shoulders, especially in younger children who have not developed the torso shape that comes with the adolescent growth spurt. This may decrease the accuracy of the position of the waist points compared to the axillae points with a corresponding increase in data variability.
The data presented here are a combination of both males and females and little reference is made to the effects of growth. Longitudinal analysis of the data showed that age did not affect the mean and variability of the spinal curve and torso points. The absolute width of the torso measured at the level of the axillae and waist increased as the children grew during adolescence. The torso points are the difference between the right and left side and the difference between the sides did not change with increasing age. Subdividing the data into males and females did not alter these observations. Also, analysis by BMI (body mass index) did not alter the results. This is of note as it has been shown that a low BMI can increase the chance of the development of scoliosis (Clark et al. 2014) and thus, by inference, torso asymmetry.
An appreciation and judgment of the shape of the torso in AIS has been published as the cosmetic spinal score (Theologis et al. 1992 (Theologis et al. , 1993 , comparing the score to parameters generated from ISIS1 images (Turner-Smith et al. 1988 ). An association between the cosmetic spinal score and the size of the rib hump was found. The information from the present study concentrates on the features that have been identified as of cosmetic concern in the coronal plane (Donaldson et al. 2007; Zaina et al. 2009; Misterska et al. 2011) and does not assess three-dimensional features such as the rib hump. It is noted that a combination of both two-and three-dimensional features form assessment tools used in AIS such as the Spinal Appearance Questionnaire (Sanders et al. 2007) .
Adolescent idiopathic scoliosis (AIS) is known to be a three-dimensional deformity with effects seen in both the coronal and sagittal planes. This paper deals with the torso in the coronal plane, adding to the work of Akel et al. (2008) and Vercauteren et al. (1982) . An assessment of sagittal shape in AIS comprises an assessment of the size and shape of the thoracic kyphosis and lumbar lordosis along with the rib hump, rather than an assessment of torso shape through two-dimensional edge points. There is a range of accepted norms for kyphosis and lordosis (Giglio & Volpon, 2007) and rib hump (Nissinen et al. 1989 (Nissinen et al. , 1993 (Nissinen et al. , 2000 . However, investigation of this aspect of back shape was not part of this study. It is not possible to be absolutely certain that the participants of this study did not have scoliosis, as only a clinical examination was performed to confirm a non-scoliotic spinal shape. A radiograph or an equivalent (an EOS lowdose radiation image in a standing position or a DEXA (dual energy X-ray absorptiometry) image in a supine position) was not taken. This was due both to concerns over the radiation dose of the investigation, for which there was no direct clinical need (Law et al. 2016; Simony et al. 2016) , and the lack of suitable equipment, particularly for an EOS image. The data presented here came from adolescents who did not appear to have scoliosis following clinical examination by experienced clinicians.
These results are useful for defining the variability in position of the shoulders, axillae and waist in a non-scoliotic population. It is also useful information in the management of those with AIS. The correction of the spine from the scoliotic pre-operative to postoperative position is never 100% (Winter et al. 2007 ). There is always some residual torso asymmetry which can be a source of disappointment to the patient if they are not aware of this in advance of the operation. These data show that there is a range of asymmetries in a non-scoliotic population and that 'normal' is not necessarily perfect symmetry. Anecdotally, patients find this knowledge helpful.
In conclusion, these data define the normative values for spinal shape and how those affect the torso parameters of shoulders, axillae and waist height and the distance of the axillae and waist from the midline on either side of the torso in a normal adolescent population. These data are of use to those managing AIS when counselling patients before and after surgery. Age (years) AxDiffHt (mm) Fig. 4 A plot demonstrating the longitudinal distribution of the AxDiffHt parameter in males over the period of the study. Each line represents one participant as they increase in age during the study. The longitudinal mean is shown for the entire cohort with the 95% confidence intervals of the mean as the thicker blue line and surrounding grey funnel.
